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SUMMARY 

The light-dependent uptake of triphenylmethylphosphonium (TPMP +) and of  
5,5-dimethyloxazolidine-2,4-dione (DMO) by starved purple cells of  Halobaeterium 
halobium was investigated. DMO uptake was used to calculate the pH difference 
(ApH) across the membrane, and TPMP + was used as an index of  the electrical 
potential difference, AS. 

Under most conditions, both in the light and in the dark, the cells are more 
alkaline than the medium. In the light at pH 6.6, ApH amounts to 0.6-0.8 pH unit.** 
Its value can be increased to 1.5-2.0 by either incubating the cells with TPMP + 
(10 -3 M) or at low external pH (5.5). - -ApH can be lowered by uncoupler or by 
nigericin. The TPMP + uptake by the cells indicates a large Ag, across the membrane, 
negative inside. It was estimated that in the light, at pH 6.6, A~, might reach a value of 
about 100 mV and, that consequently the electrical equivalent of the proton electro- 
chemical potential difference, A/~H./F, amounts under these conditions to about 
140 inV. 

The effects of different ionophores on the light-driven proton extrusion by the 
cells were in agreement with the effects of  these compounds on --ApH. 

INTRODUCTION 

Extremely halophilic bacteria like Halobacterium halobium require for growth 
a medium containing several molar NaC1, 50-100 mM Mg 2+, and 3 0 m M  K +. 

* Present address: Division of Molecular and Cellular Biology, National Jewish Hospital, 
Denver,Colo.80206,U.S.A. 

* *  For any quantity x, Ax = Xout--xin. 
Abbreviations: CCCP, carbonylcyanide m-chlorophenylhydrazone; DCCD, N,N'-dicyclo- 

hcxylcarbodiimide; DDA +, diphenyldimethylammonium; DMO, 5,5-dimethyloxazoline-2,4-diono; 
HEPES, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid; MES, 2-(N-morpholino)ethano- 
sulfonic acid; NQNO, 2-N-nonyl-4-hydroxyquinolino-N-oxide; PIPES, piporazine-N,N'-bis-(2- 
ethanesulfonic acid); SF 6847, 3,5-dJ-tert-butyl-4-hydroxybenzylidenc malononitrile; TPMP, tri- 
phenylmothylphosphonium bromide. 
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The cells concentrate potassium up to 3-5 M internally [1-3]. Such bacteria are able 
to survive under conditions of minimal oxygen tension and strong illumination by 
forming in their membranes a purple protein, bacteriorhodopsin [4-7]. This protein 
functions as a light-driven proton pump [8], converting light energy into an electro- 
chemical potential difference of protons (A/~,+) across the membrane of the cells. 
This potential difference can drive ATP synthesis [9-12] as suggested by Mitchell's 
[13, 14] chemiosmotic hypothesis. 

Since both the permeability properties of the membrane and the proton 
translocating capacity of the baeteriorhodopsin may determine the magnitude of 
Ag.+, it was of interest to determine its value both in the dark and in the light. An 
exact measurement of the light-driven A/~.+ was not possible, due to uncertainties 
about the value of the electrical potential difference (A~) across the cell membrane. 
However, in the light, the approximate values of Ag. .  and its components are 
similar to that of intact mitochondria [15 ] and intact bacteria [16-20]. 

MATERIALS AND METHODS 

Cells. Strain RI of H. halobium [5] was grown on a synthetic medium [21]. 
Bacteriorhodopsin was induced by stopping the shaking of the cellular suspension and 
transferring it to the light, as was described previously [12]. Cells were harvested by 
centrifugation and washed twice with a basal salt solution containing 4 M NaCI, 
80 mM MgSO4, 30 mM KC1, 0.3 mM phosphate, and 0.1 mM CaC12; final pH 6.8. 
Washed cells were starved overnight by stirring in basal salt containing 5 #g DNAase 
(Sigma)/100 mg cellular protein to reduce the high viscosity of the medium due to 
release of DNA from broken cells. An additional centrifugation and resuspension 
step in basal salt at 5-10 mg of cellular protein/ml gave preparations of intact cells 
that were not viscous and did not show lysis within a period of 8 h, as deduced from 
the fact that during this period the supernatant after centrifugation remained colour- 
less. The bacteriorhodopsin content of the cells varied between 2 and 4 nmol bacterio- 
rhodopsin/mg cell protein, as determined by the method of Danon and Stoeckenius 
[10] assuming a molar extinction coefficient for bacteriorhodopsin at 570 nm of 
63 000 (M-1.  cm- t )  [22]. Protein was determined according to the method of Lowry 
et ah [23 ], with bovine albumin as standard. 

Sources of  chemicals and isotopes. Carbonylcyanide m-chiorophenylhydrazone 
(CCCP), valinomycin, 2-(N-morpholino)ethanesulfonic acid (MES), piperazine-N,N'- 
bis-(2-ethanesulfonic acid) (PIPES), and N-2-hydroxyethylpiperazine-N'-2-ethane- 
sulfonic acid (HEPES) were obtained from Sigma Chemical Co.; 2-N-nonyl-4-hydroxy- 
quinoline-N-oxide (NQNO) from General Biochemicals; N,N'-dicyclohexylcarbodi- 
imide (DCCD) from Fluka; 5,5-dimethyloxazoline-2,4-dione (DMO) from Mann 
Research Laboratories; triphenylmethylphosphonium bromide (TPMP) from K and 
K Laboratories; nigericin from Eli Lilly and Co. and 3,5-di-tert-butyl-4-hydroxy- 
benzylidene malononitrile (SF 6847) as a gift from Dr. Y. Nishizawa, Sumimoto 
Chemical Industry, Osaka (Japan). 3H-labelled TPMP (114 Ci/mol) was a gift of 
Dr. R. Kaback, Roche Institute of Molecular Biology, Nutley, N. J. (U.S.A.). 14C- 
labelled DMO (8.8 mCi/mol) and [14C]dextran (mol. wt. 16 000) were obtained from 
New England Nuclear, and [14C]sucrose, [14C]sorbitol, and 3H20 from Amersham 
Radiochemical Centre. 
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Tracer distribution between the bacteria and the medium. The microcentrifuga- 
tion technique, as described previously for chloroplasts [24], chromatophores [25], 
and mitochondfia [15], was used to determine the distribution of tracer molecules 
between the cells and the medium. Unless otherwise stated, cells were incubated at 
5-10 mg protein/ml of basal salt at 25 °C for 25 min in the presence of the proper 
tracers, 30 #M TPMP, and 50 mM PIPES/NaOH buffer; final pH 6.6. In general three 
parallel experiments were carried out, one to determine internal water space of the 
cell pellet with 3H20 at 10 #Ci/ml and the 14C-labelled sugar compound at 1-2 #Ci/ 
ml, one to determine ApH with 3H20 and 14C-labelled DMO at the same specific 
activity, respectively, and one to determine the uptake of TPMP + by the cells with 
3H-labelled TPMP at 0.3 #Ci/ml. Aliquots (200/zl) of such bacterial suspensions were 
added in triplicate to transparent 400-#1 microcentrifuge tubes and put into a Beck- 
man 152 microfuge. Light samples were illuminated in the microfuge for 3 rain by 
means of two 250 W reflector lamps shining through the transparent deck cover. A 
3 cm water filter was placed in between the lamps and the deck of the microfuge. The 
samples were then centrifuged under illumination for 5 rain. The light intensity within 
the microfuge during preillumination and centrifugation was 3 • 105 ergs • cm-2 .  s-1. 
Dark controls were kept in the dark in the centrifuge for 3 rain and were centrifuged in 
the dark for 5 min. Both in the light and in the dark the temperature in the centrifuge 
rose during the centrifugation to 30-35 °C. The time needed to spin down half of the 
cells from the supernatant was estimated to be 30 s. From the supernatant fraction a 
50 #1 sample was mixed with 0.5 ml 1 M NaOH. A slice from the bottom of the pellet 
was cut and added to 0.3 ml 1 M NaOH. The NaOH fractions were slowly shaken 
overnight at 35 °C in stoppered tubes to dissolve the protein. 100-/zl samples of the 
NaOH solutions were added to 8.5 ml liquid scintillation fluid, prepared according to 
Bray [26], and were counted in a Tricarb scintillation counter (Packard M 3900). The 
14C and 3H activities of the different samples were corrected for spill-over and 
quenching using a channel-ratio method. Small samples were taken from each of the 
NaOH solutions of the pellet fractions to determine the amount of protein cut from 
the pellets, using the method of Lowry et al. [23], with bovine albumin as a standard. 

The water space of  the cells and the total water content of the pellet. The total 
water content of the cell pellet was calculated from the ratio of activities of all20 in 
the pellet and in the supernatant, and expressed in #l/mg protein. The internal water 
space ~ was determined as a percentage of the total water content of the pellet by 
using aH20 and [1,C] sucrose, [1,C] sorbitol, or [1 #C ] dextran, and is given by: 

(I~C/3H)v.~,., ] 
= 1 - (14C/3H x 1 ×100 % (1) 

\ / /supernatant - I  

The determination of  ApH across the cellular membrane. Intact H. halobium 
cells extrude protons upon illumination [8]. The weak acid 14C-labelled DMO, used 
to estimate ApH [27, 28, 15], is accumulated in intact bacteria relative to the medium. 
For DMO the following relation holds at equilibrium [30]: 

AT - -  1/Ka+I/H+ (2) 

AoXut l/Ka + l/Ho+ut 

where A~n and AoT t are the total DMO concentrations in the cells and in the medium, 
respectively, and Ka is the dissociation constant of DM0.  The pK a value of D M 0  was 
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found to be 6.2 at 22 °C, both at low and at high (4 M NaC1) ionic strength. The pH 
electrode used for this determination was calibrated at low ionic strength. Similarly, 
all pH measurements of cellular suspensions in basal salt solutions were carried out 
with pH electrodes calibrated at low ionic strength. For the calculation of ApH 
according to Eqn. 2, we assumed a pKa value for DMO of 6.30 at 30 °C [28]. The 
apparent accumulation factor for DMO in the cells equals the ratio (1*C-labelled 
DMO/aH20)p,n,t/(l*C-labelled DIVfO/3H20)sup©rnatant • From this factor, correcting 
for the external water space of the pellet, and using the PKa value for DMO, ApH 
across the cell membrane was calculated [28]. 

The determination of  the TPMP + uptake by the cells. The accumulation of 
TPMP + by the cells is given as the TPMP + uptake ratio. It equals the ratio (all- 
labelled TPMP+/mg protein)von.t/(aH-labelledTPMP+/#l),up.,nata.t . This ratio is 
proportional to the ratio [TPMP + ]~.u,a/[TPMP + ]frcc, if all the TPMP + taken up by 
the cells is considered bound. Alternatively, if all the TPMP + taken up is considered 
free in the internal water space of the cells, the uptake ratio is proportional to the 
ratio [TPMP+]~,/~PMP + ]uut. In the discussion we try to relate the TPMP + uptake 
ratio to the electrical potential difference A~k across the membrane, and to estimate 
Aria, from --ApH and A~k. 

p H  measurements. Changes in pH in the medium of the cells were measured 
with a Radiometer GK 2321C combined glass electrode connected to a Radiometer 
PHM 64 pH meter. The thermostat vessel was maintained at 30 °C, and contained 
3 ml of a medium, consisting of basal salt, cells at 0.5-2.0 mg protein/ml, and 5 mM 
PIPES/NaOH buffer, final pH 6.6. Illumination was provided by means of a 500 W 
slide projector at a light intensity of 104 ergs • cm -2 • s -1. 

RESULTS 

The internal water fraction of the total water space of the cell pellet 
Fig. 1 shows the intracellular fraction of the total water content of the cell 

pellet. With dextran, sucrose, or sorbitol, values between 50 anti 60 % are found, 
regardless of whether non-purple cells (Fig. 1B) or purple cells (Fig. IA) were used 
anti whether the latter were illuminated or not. The values found with dextran were 
always somewhat higher than those found with sucrose or sorbitol (Fig. 1A). This 
might indicate that dextran cannot permeate the cell wall [4], but that sucrose and 
sorbitol can and are only stopped by the cell membrane [4]. From the time depen- 
dence seen in Fig. 1, it can be concluded that dextran and sucrose hardly penetrate 
into the internal water space of the cells and that sorbitol does so only slowly. 

Under a large variety of conditions values between 4.0 and 5.5 #l/mg protein 
were found for the total water content of the pellet (not shown). For the calculations 
of dpH, d~p, and d#n.  (see Discussion), it was assumed that the external water space 
of the cell pellet equals its internal water space, and has a value of 2.5/d/mg protein, 
i.e. half that of the total water content of the pellet. 

Light-dependent ApH and TPMP + uptake by the cells 
We tested the light-dependent uptake of three lipid-soluble cations by H. 

halobium cells. These cations, a6Rb+, 42K+ (plus valinomycin), and TPMP +, 
reportedly distribute according to A~p across mitochondrial [31-33, 15] and bacterial 
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Fig. 1. The internal water space as a percentage o f  the total water space o f  the pellet. Cells were 
incubated as described under  Materials and Methods ,  except ~hat at t = 0 [ '4C]dextran,  114C] - 
sucrose, or  [14C]sorbitol were added  to the cellular suspension preincubated with aI-I20. At  the t ime 
indicated in the figure the cells were spun down. Open symbols:  light values; closed symbols: dark 
values. 

[17, 20, 29, 34] membranes. The former two cations, even in the presence of 10 -s M 
valinomycin, distribute orders of magnitude too slowly to monitor dy  across the 
membrane of H. halobium in a satisfactory way, However, Atp is the driving force for 
the slow uptake observed for these ions (Garty, H. and Caplan, S. R., unpublished). 
Schuldiner and Kaback [29] have introduced the use of 3H-labelled TPMP + distribu- 
tion as a method of d~p estimation in Escherichia coli membrane vesicles. With 
1-1. halobium cells, after the light is switched on at t ~ 0, the rates of redistribution of 
DMO and TPMP + across the cell membrane are fast (Fig. 2). However, the difference 
observed between the light and the dark values of the TPMP + uptake ratio are rather 
small. Since the high dark values are probably caused by binding to the membrane of 
part of the TPMP + taken up by the cells (see below), we prefer to present our data as 
the TPMP + uptake ratio, rather than to give the ratio [TPMP + ]i,/[ TPMP+ ]o,t or to 
convert this ratio directly to A~p. 

In Table I data are given on --ApH and the TPMP + uptake ratio of the cells, 
both in the light and in the dark. Inhibitors of respiration, which effect the rate of 
oxygen uptake by the cellular suspensions (not shown), show different effects on ApH 
and TPMP + uptake. NQNO and rotenone hardly exert any influence, but 10 mM 
NaN3 reduces the dark value of --ApH and has a small influence on both the light 
and dark values of the TPMP + uptake. However, this inhibitor also shows effects on 
the light-driven proton extrusion by the cells typical of an uncoupler (see below). 
Therefore, we conclude that its small effects on dpH and on the TPMP + uptake ratio 
(Table I) are due to weak uncoupling rather than to inhibition of residual respiration 
still present in the starved cells. Since neither the other inhibitors tested (Table I) nor 
anaerobiosis (not shown) are effective in reducing the high dark values of --ApH and 
of the TPMP + uptake ratio, it is concluded that these values are not caused by residual 
respiration. 
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Fig. 2. Kinetics of  light-indttcod d p H  formation (A) and of  changes in the TPMP + uptake ratio (B). 
Cells wore incubated with 31-120 and with ~ 4C-labelled DMO or with 3I-[-labelled TPMP, as d~scribod 
under Materials and Methods, except that either 3 • 10 - s  or 10 -3 M TPMP + was present and 
illumination of  the samples in the microcentrifugo was started at t = 0. The points given at this time 
represent dark controls (closed symbols). The time given on the abscissa is the sum of  the dead time 
of  the centrifugation system (30 s, see Materials and Methods) and that which elapsed between the 
moments of  switching on the light and switching on the centrifuge (open symbols). Each symbol gives 
the position of  the average of triplicate values; each bar represents the deviation of the extreme values. 

The energy transfer inhibitor DCCD increases the values of the TPMP + 
uptake ratio of the cells, especially in the light (Table I), probably since it blocks 
leaks through the ATPase pathway. (Compare with chloroplasts, where phosphoryla- 
ting conditions decrease and Die-9 increases the value of dpH across the thylakoidal 
membrane [35].) 

The kinetics and final extents of ApH formation and TPMP + uptake ratio 
after switching on the light at t ~ 0, are shown in Fig. 2. At a relatively low concen- 
tration ofTPMP + (30 ItM), the times needed to achieve steady state ApH and TPMP + 
uptake are shorter than the "dead" time of the eentrifugation system (Fig. 2). At a 
TPMP + concentration of 1 mM the formation of ApH can be followed kinetic.ally 
(Fig. 2A). At this level of TPMP + the light-induced pH changes observed in the 
cellular medium also become bigger in extent and slower in formation (see below, 
Fig. 6). Therefore one can conclude that under such conditions it is the formation of 
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TABLE I 

INFLUENCE OF METABOLIC INHIBITORS ON THE LIGHT AND DARK VALUES OF 
--ApH AND THE TPMP + UPTAKE RATIO OF INTACT 1t. ttALOBIUM CELLS 

Experimental conditions as described in Materials and Methods. The cells were preincubated with 
the respective inhibitors for 10 min, except for DCCD, where a preincubation time of 60 rain was 
used before the cells were transferred into the microfuge tubes. The values given are the averages of 
triplicate experiments. The deviations are those between the most extreme and the average value. 

Experiment Addition --ApH TPMP + uptake ratio 
• Dark Light Dark Light 

1 None 0.454-0.03 0.614-0.03 2305:25 3404-6 
NaN3 (10 mM) 0.244-0.03 0.604-0.04 1504-30 225:t:23 
NQNO (5/tM) 0.454-0.02 0.634-0.03 2204-20 2654-20 
DCCD (10/tM) 0.444-0.02 0.61 4-0.04 3784-20 8384-20 
NaN3 (10raM) 
DCCD (10/tM) 0.33-t-0.02 0.564-0.03 1504-20 3204-25 
NQNO (5/tM) 
DCCD (10/~M) 0.414-0.04 0.634-0.03 3104-40 7504-120 

2 None 0.584-0.04 0.794-0.01 1 6 0 4 - 9  2404-20 
NQNO (2/~M) 0.544-0.01 0.814-0.02 1704-10 2294-20 

NQNO (2/~M) 
rotenone 
(4/~g/ml) 0.564-0.02 0.754-0.03 1354-10 150-4-10 

ApH rather than the redistribution of  D M O  that is rate limiting. After switching off 
the light, - - A p H  drops to its original dark level (not shown). Increasing concentra- 
tions o f T P M P  + steadily decrease the values of  the TPMP + uptake ratio (Fig. 3), and 
even at relatively high TPMP + no constant uptake level is reached, both in the light 
and in the dark. Above a concentration of 10 -4  M, TPMP + increases - - d p H  (Figs. 
2A and 3A). The other experiments reported in this section were all carried out at 
TPMP + concentrations of  3 • 10-5-1 • 10 -4  M, i.e. just  below the concentration at 
which this compound starts to influence dpH.  

The influence of  two ionophores on - -ApH and the T P M P  + uptake ratio is 
shown in Fig. 4. The uncoupler of  oxidative phosphorylation CCCP [36] decreases 
the light and the dark  values of  both - - A p H  and of  the TPMP + uptake ratio, but of  
the two, more uncoupler is required to produce an appreciable effect on - -ApH (Fig. 
4A). At high concentrations of  CCCP the TPMP + uptake ratio reaches the same 
minimal level for light and dark. The same minimal level was also found with another 
uncoupler, SF 6847 [37], which was about  as effective as CCCP on H. halobium cells 
(not shown). However, both uncouplers are much less active on these cells than they 
are on rat  liver mitochondria [37-39]. 

Valinomycin reduces the value of  the TPMP + uptake ratio somewhat, but 
hardly effects - -ApH (Fig. 4B). Nigericin has the opposite effect: it diminishes - -ApH,  
especially in the dark, but it only decreases the ratio of  the T P M P  + uptake slightly 
(not shown). 

Fig. 5 shows how the p H  of  the external medium effects the TPMP + uptake 
ratio and - - d p H .  The two parameters sh0w opposite behaviour: at low external pH,  
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Fig. 3. The influence of  [TPMP + ] ou the ApH (A) and the TPMP + uptake ratio (B). Cells were 
incubated as described under Materials and Methods, except tha t  concentrations of  TPMP + were 
present as indicated on  the abscissa. Open symbols, light values; closed symbols, dark values (see 
legend to Fig. 2). 

the value of - -ApH is relatively large and that of the TPMP + uptake ratio is low, 
while the reverse is true at high external pH. Between external pH values of 5.5 and 7.0 
the internal pH is essentially constant, and only rises when the external pH is above 
the latter value (Fig. 5, inset). 

pH changes observed in the medium of the cells 
Below we compare some of the reagents affecting the light-induced pH changes 

in the cell suspension with their effects on ApH. The light-induced proton extrusion by 
intact cells of  H. halobium shows a complex behaviour [8, 10-12]. At high light 
intensity (106 erg.  cm-  z .  s-  i) an initial alkalinization of the medium is followed by a 
net acidification. After switching off the light, a further acidification is followed by a 
net alkalinization [8, 12, 40]. At lower light intensities than l0 s ergs • cm -2 • s -1 
only a net light-induced alkalinization and a net dark-induced acidification are 
observed [12, 40]. At an intermediate light intensity of 3 • 105 ergs • cm -2 • s -1 we 
could only detect uptake of TPMP + and DMO (see above). Therefore, under those 
conditions, the proton pump of  H. halobium must be outwardly directed and the 
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Cells were t reated as described under  Mater ia ls  and  Methods ,  except tha t  in  A 10 - 4  M T P M P  + 
was present ,  and  that  the cells were pre incubated  for  10 rain  with the ionophores  at  concentra t ions  
indicated. Open  symbols,  light values; closed symbols,  dark  values (see legend to Fig. 2). 

initial alkalinization and acidification effects cannot be the direct result of proton 
pumping, but may be caused by ATP synthesis [11, 12] or other energy-requiring 
processes. To minimize the initial effects, all our experiments on light-induced proton 
movements were carried out at saturating light intensity. 

Addition of 10 -4 M TPMP or more to the cells induces a release of protons 
from the cells in the dark. In the light, the extent of net proton extrusion is increased 
(Fig. 6). Both effects can be explained as due to a H+-TPMP + exchange that increases 
--ApH both in the dark and in the light (Fig. 3). 

The uncouplers CCCP and SF 6847 are almost equally effective in abolishing 
the net light-induced proton extrusion by the cells (Fig. 7). In the light the initial 
alkalinization is more sensitive to uncoupler than the final acidification. In the dark 
the initial acidification of the medium is enhanced by low concentrations of uncoupler, 
but abolished by higher concentrations, as is the final alkalinization. The respiratory 
inhibitor NaN3 at 10 mM causes effects similar to those of 10 -4 M CCCP on the pH 
changes in the medium. Therefore it is concluded that NaN3 also acts as a weak 
uncoupler on the system. 

Nigericin, when added in the dark to the cells, induces an uptake of protons. 
In the light, approximately the same amount of protons are released as were taken up 
in the dark (Fig. 8). The uptake of protons in the dark is most probably due to a 
K+-H + exchange process, driven by the high internal potassium concentration [I-3]. 
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(final pH 6.6 and 7.1), or 50 mM I-IEPES/NaOIt buffer (final pH 7.5, 8.0, and 8.5) was present. 
Opert symbols, light values; closed symbols, dark values (see legend to Fig. 2). 

This reduces the dark - -dpH,  increases the internal proton content, and therefore 
allows the light-driven proton pump to transport more protons from the cell before 
substantially decreasing --ApH. 

Valinomyein, even at 3 • 10-s M, does not influence pH changes in the medium 
due to the light-driven proton pump (not shown), in contrast to the small influence 
that it exerts on the TPMP + uptake ratio (Fig. 4B). 

D I S C U S S I O N  

Purple H. halobium cells show light-induced uptake of  DMO and of TPMP +. 
From the former the pH difference ( - -ApH) across the cell membrane was calculated. 
Under most conditions, both the light and the dark values of - -ApH are small (below 
one pH unit), and only increase at low external medium pH (Fig. 5) or at high 
TPMP + concentrations (Fig. 3). The small ApH values observed for H. halobium are 
similar to those of  other energy-converting systems like intact mitochondria [15, 28] 
or intact bacteria [18, 19] where the membrane orientation is the same. 

In a number of  studies it has been shown that the uptake by bacteria or sub- 
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Fig. 6. The influence of  TPMP + on the proton pump. Details of  the incubation mixture are described 
under Materials and Methods, except that the cellular protein concentration was 0.8 mg/ml. At the 
left-hand arrow of  each trace TPMP + was added in the dark to the suspension at the concentration 
indicated. Cells were illuminated (arrow "on").  Later on the light was switched off (arrow "off").  
Note the difference in sensitivity of  the scale at 10 -3 M TPMP +. 
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Fig. 7. The influence of  uncouplers on the proton pump. Cells at 1.1 mg/ml suspension medium 
(see Materials and Methods) were incubated with the concentration of  uncouplers as indicated in the 
figure. At  "on"  and "off",  the light was switched on and off, respectively. 
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Fig. 8. The influence of nigericin on the proton uptake. Cells at 1.7 mg/ml were exposed to one light- 
dark cycle (left-hand part of the figure). At the arrow nisericin was added in the dark to the suspension 
at the concentrations indicated in the respective traces. At "on" and "off", the light was switched 
on and off, respectively. 

bacterial particles of  lipid-soluble cations like TPMP + or dibenzyldimethyl ammo- 
nium (DDA +) in the presence of tetraphenylboron is driven by the electrical potential 
difference (A~b) across the membrane [16, 17, 20, 31, 34]. With E. coli membrane 
vesicles it was recently shown that the values of  the uptake ratio of  TPMP ÷, DDA + 
(in the presence of  tetraphenylboron) and o f R b  + (in the presence of valinomycin) are 
almost identical and that therefore A~k can be calculated from this ratio [29]. The 
following characteristics of  the TPMP + uptake by H. halobiurn cells are compatible 
with a distribution of TPMP + across the membrane according to AS. (1) In the light a 
fast uptake of TPMP + by the cells is observed (Table I and Fig. 2). This indicates that 
the electrical potential difference across the membrane is negative inside the cell as 
expected, i.e. generated by an outwardly directed proton pump. (2) Uncouplers of 
oxidative phosphorylation drastically diminish the value of  the TPMP + uptake ratio, 
both in the light and in the dark (Fig. 4A). It is to be expected that A~, would be 
uncoupler sensitive, since it is generated by a proton pump (cf. Fig. 7). (3) Under 
conditions where - -ApH across the membrane is high and one expects a low value for 
d~, (i.e. at low external pH or at high TPMP + concentrations), the TPMP + uptake 
ratio is comparatively low (Figs. 5, and 2 and 3, respectively). 

However, possible binding of TPMP + to the cells represents a serious problem 
for exact A~, calculations from the TPMP + uptake ratio. The extremely high values 
found for this ratio in the dark are not due to residual respiration (Table I). It cannot 
be a distribution of  TPMP + according to a Donnan potential across the membrane, 
since it is expected that in the dark protons would also accumulate, which was not 
observed. These high values might, however, be due entirely or in part to binding of 
TPMP +. Sub-bacterial particles prepared from H. halobium with an "inside-in" 
membrane orientation [41 ] and isolated purple membranes have, in the dark, a very 
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high uncoupler-insensitive TPMP + uptake ratio, indicating binding (Garty, H. and 
Eisenbach, M., unpublished). In rat liver mitochondria the TPMP ÷ uptake ratio is 
also always larger than that of Rb ÷ in the presence of valinomycin, particularly in the 
presence of uncoupler (Rottenberg, H., unpublished). 

To correct the TPMP ÷ uptake ratio for binding of TPMP + in order to 
calculate the free concentration of TPMP + inside the cell is not simple. In the case of 
H. halobium, unlike in other systems [29, 15], no comparison can be made with the 
distribution of Rb + across the membrane (see above). If one nevertheless calculates A¢ 
according to Eqns. 3 and 4: 

[TPMP+Lt +zF A¢ (3) 
A/~TPMP+ ~--- RTIn [TPMP+]i" 

and at equilibrium (A/~TpMp+ = 0) 

[TPMP + ]i, 
A¢ = (2.3 RT/F) log [TPMP+ ]o,t (4) 

Assuming as a first approximation that no binding of TPMP ÷ occurs, one obtains the 
values for Ay given in Figs. 9 and 10, where the experiments of Figs. 4a and 5, 
respectively, are replotted. Assuming as a second approximation that the constant 
level of the TPMP ÷ uptake ratio obtained at high uncoupler concentration (Fig. 4A) 
represents the amount of TPMP ÷ bound to the cells, and also that this binding is 
potential independent, one obtains corrected values for A¢ of 111 mV compared to 
116 mV (in the light), and 97 mV compared to 104 mV (in the dark). In fact, however, 
data on mitochondria indicate that the binding is potential dependent (Rottenberg, 
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Fig. 9. The experiment of  Fig. 4a, roplotted on a scale of normalized electrical potential difference 
(see Discussion). Symbols: @, ~>, --58ApH; @, O,  zl~; II, I-J, A/~H+/F. Open symbols, light values; 
closed symbols, dark values. 
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Fig. 10. The experiment of Fig. 5 replott©d on a scale of aormalized electrical potential difference 
(see Discussion). Symbols: see legend to Fig. 9. 

H., unpublished). Finally, one might assume that the high dark values of the TPMP ÷ 
uptake ratio are entirely due to binding and correct the light values for it. In this case 
the calculated potential drops from 116 to 95 mV. 

It will be clear that an exact calculation of AS from the TPMP + uptake ratio is 
not possible. However, it is evident that at pH 6.6 at low light intensity the value of AS 
across the membrane is between +95 and +116 mV. Thus intact H. halobium cells 
generate an electrochemical potential difference of protons (A/~u .) across the mem- 
brane consisting of a --ApH and a AS component (Fig. 9), where A/~H÷ is given by: 

H+out 
A~,÷ = RT In ~ +zF AS 

or expressed in mV [9, 10]: 

Ap - A~H÷/F = --58ApH+A~p. 

(5) 

(6) 
The value of A~H+[F in the light lies between 135 and 157 inV. From Fig. 10 it can be 
seen that at pH 5.5 the contribution of the --ApH component to A~H+[F becomes the 
major one. 

We show in this paper that H. halobium has a cell membrane that is rather 
impermeable to smaller sugar molecules and across which it is possible to build up a 
A/~H. of considerable magnitude. This result is in contrast to the claim that another 
extremely halophilic bacterium species has a membrane that is permeable to all kinds 
of small molecules and ions [2, 42, 43]. This discrepancy is remarkable because the 
different halobacteria have similar ion contents [I-3] and membrane lipid components 
[44], and appear to be able to form baeteriorhodopsin (refs. 4-7, and Danon, A. and 
Bakker, E. P., unpublished). 
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Several results presented in this paper  are supported by data f rom the literature. 
Thus, the p H  dependence of  ApH (Fig. 4), which is very similar to that  o fE .  coli [18], 
is also in accordance with the data  of  Kanner  and Racker [45] on the p H  dependence 
of  the proton pump in broken cells of  H. halobium. The concentration of T P M P  +, 
10-a M, which induces an increase of  both  - -58ApH and the extent of  proton uptake 
(Figs. 3 and 6), sharply diminishes the rate of  influx of  amino acids into broken cells 
[40] and also of  a6Rb+ into intact cells (Garty, H. and Caplan, S. R., unpublished). 
Finally, the small effect of  valinomycin at low light intensity on the T P M P  + uptake 
ratio (Fig. 4b), and the absence of  an effect at high light intensity on the net proton 
extrusion (Results), are in agreement with reportedly small effects on K + or Rb + 
movements (refs. 45 and 46, and Garty, H. and Caplan, S. R., unpublished) across 
other Halobacterium membranes or on their proton pump [4]. Apparently, valinomy- 
cin induces its effect on H. halobium cells of  uncoupling of light-induced phosphoryla- 
tion [11 ], or of  stimulation of  ATP synthesis when added in the dark to the cells [12], 
without involvement of  a big net movement  of  K +. 

ACKNOWLEDGEMENTS 

E. P. Bakker was the recipient of  a Bruno Mendel Travelling Fellowship. This 
work was supported in part  by a grant f rom the United States-Israel Binational 
Science Foundat ion (B.S.F.), Jerusalem, israel, and by a grant f rom W. German 
Ministry of  Science and Technology. The authors thank Dr. M. Avron for the use of  
some of his instruments and for the inhibitors nigericin, NQNO,  antimycin, Die-9, 
and SF 6847. Without the gift of  all-labelled T P M P  from Dr. R. Kaback,  this work 
could not have been carried out in this form. 

REFERENCES 

1 Christian, J. H. B. and Waltho, J. (1962) Biochim. Biophys. Acta 65, 506-508 
2 (1inzburg, M., Sachs, L. and Ginzburg, B. Z. (1970) J. Gen. Physiol. 55, 187-207 
3 Lanyi, J. K. and Silverman, M. P. (1972) Can. J. Microbiol. 18, 993-995 
4 Stoeckenius, W. and R.owen, R. (1967) J. Cell Biol. 34, 365-393 
5 Stoeckenius, W. and Kunau, W. H. (1968) J. Cell Biol. 38, 337-357 
60esterhelt, D. and Stoeckenius, W. (1971) Nat. New Biol. 233, 149-152 
7 Kushwaha, S. C., Kates, M. and Martin, W. (i. (1975) Can. J. Biochem. 53, 284-292 
80esterhelt, D. and Stoeckenius, W. (1973) Prec. Natl. Acad. Sci. U.S. 70, 2853-2857 
9 Racker, E. and Stoeckenius, W. (1974) J. Biol. Chem. 249, 662-663 

10 Danon, A. and Stoeckenius, W. (1974) Prec. Natl. Acad. Sci. U.S. 71, 1234-1238 
11 Danon, A. and Caplan, S. R. (1974) in Proceedings of the Third International Congress on 

Photosynthesis (Avron, M., ed.), pp. 2163-2170, Elsevier, Amsterdam 
12 Danon, A. and Caplan, S. R. (1975) Biochim. Biophys. Acta 423, 133-140 
13 Mitchell, P. (1961) Nature 191,144-148 
14 Mitchell, P. (1966) Biol. Roy. 41,445-502 
15 Padan, E. and Rottenherg, H. (1973) Eur. J. Biochem. 40, 431-437 
16 Hirata, H., Altendorf, K. H. and Harold, F. M. (1973) Prec. Natl. Acad. Sci. U. S. 70, 1804-1808 
17 Griniuviene, B., Chmieliauskaite, V. and (1rinius, L. (1974) Biochem. Biophys. Res. Commtm. 

56, 206-213 
18 Padan, E., Zilborstein, D. and Rottenberg, H. (1976) Eur. J. Biochem., 63, 533-541 
19 Harold, F. M., Pavlasova, E. and Baarda, J. R. (1970) Biochim. Biophys. Acta 196, 235-244 
20 Harold, F. M. and Papineau, D. (1972) J. Membrane Biol. 8, 27-44 
21 Ob.nishi, H., MacChance, M. E. and. Gibbons, N. E. (1965) Can. J. Microbiol. 11, 365-373 



572 

22 Oest~rhelt, D. and Hess, B. (1973) Eur. J. Biochem. 37, 316-326 
23 Lowry, O. H., Rosebrough, N. J., Farr, A. L. and Randall, R. J. (1951) J. Biol. Chem. 193, 

265-275 
24 Rottenberg, H., Grunwald, T. and Avron, M. (1972) Eur. J. Biochem. 25, 54-63 
25 Schuldiner, S., Padan, E., Rott~nberg, H., Gromet-Elhanan, Z. and Avron, M. (1974) FEBS 

Lett. 49, 174-177 
26 Bray, G. A. (1960) Anal. Biochem. 1,279-285 
27 Waddell, W. J. and Butler, T. C. (1959) J. Clin. Invest. 38, 720-729 
28 Addanki, S., Cahill, F. D. and Sotos, J. F. (1968) J. Biol. Chem. 243, 2337-2348 
29 Schuldiner, S. and Kaback, R. (1975) Biochemistry 14, 5451-5461 
30 Rottenberg, H. (1975) J. Biocnerg. 7, 63-76 
31 Bakeeva, L. E., Grinius, L. L., Jasaitis, A. A., Kulicne, V. V., Levitsky, D. O., Libcrman, E. A., 

Severina, I. L. and Skulachev, V. P. (1970) Biochim. Biophys. Acta 216, 13-21 
32 Mitchell, P. and Moyle, J. (1969) Eur. J. Biochem. 7, 471-484 
33 Nicholls, D. G. (1974) Eur. J. Biochem. 50, 305-315 
34 Altendorf, K. H., Hirata, H. and Harold, F. M. (1975) J. Biol. Chem. 250, 1405-1412 
35 Pick, U., Kottenberg, H. and Avron, M. (1973) FEBS Lett. 32, 91-94 
36 Heytler, P. G. (1963) Biochemistry 2, 357-361 
37 Muraoka, S. and Terada, H. (1972) Biochim. Biophys. Acta 275, 271-275 
38 Bakker, E. P., Van den Heuvel, E. J. and Van Dam, K. 0974) Biochim. Biophys. Acta 333, 12-21 
39 Terada, H. and Van Dam, K. (1975) Biochim. Biophys. Acta 387, 507-518 
40 Bogomolni, R. A. and Stoeckenius, W. (1974) J. Supramol. Struct. 2, 775-780 
41 MacDonald, R. E. and Lanyi, J. K. 0975) Biochemistry 14, 2882-2889 
42 Ginzbttrg, M. 0969) Biochim. Biophys. Acta 173, 370-376 
43 Ginzburg, M., Sachs, L. and Ginzburg, B. Z r (1971) J. Membrane Biol. 5, 78-101 
44 Kates, M. (1972) in Ether Lipids, Chemistry and Biology (Snydor, F., ed.), pp. 351-397, Academic 

Press, New York 
45 Kanner, B. I. and Racker, E. (1975) Biochem. Biophys. Res. Commun. 64, 1054-1061 
46 Ginzburg, M., Ginzburg, B. Z. and Tostoson, D. C. (1971) J. Membrane Biol. 6, 259-268 


